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Abstract: We construct and study the 5D realization of a composite Higgs model with 
minimal tuning. The Higgs is a (pseudo-)Goldstone boson from the spontaneous breaking 
of a global 50(5) symmetry to an SO (4) subgroup. The peculiarity of our construction 
lies in the specific choice of the SO(5) representations of the 5D fermions from which the 
Standard Model fields arise as chiral zero modes. This choice reduces the tuning of these 
models to the minimal model-independent value allowed by electroweak precision tests. We 
analyse the main differences between our 5D construction and other descriptions in terms 
of purely 4D field theories. 5D models are generally more constrained and show a generic 
difficulty in accommodating a light Higgs without reintroducing large corrections to the S 
parameter. We propose a specific construction in which this tension can be, even though 
accidentally, relaxed. We discuss the spectrum of the top partners in the viable regions of 
parameter space and predict the existence of light exotic quarks, T, of charge 8/3 whose 
striking decay channel T — > W + W + W + b can lead to either exclusion or confirmation of 
the model in the near future. 
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1 Introduction 

A satisfactory understanding of ElectroWeak Symmetry Breaking (EWSB) requires the 
existence of new physics at a scale, Anp, not far above the weak scale. We expect the new 
dynamics at Anp to provide a solution to the hierarchy problem affecting the Higgs sector 
in the Standard Model (SM). 

Constraints on generic new physics require Anp to be at or above the TeV scale. 
Naturalness, on the other hand, demands low scale new physics. A completely natural 
theory would, for instance, require the presence of a new set of particles and interactions 

27T 

A NP < -j=-m h ~ 450 GeV, (1.1) 

in order to cancel the quadratically divergent top quark contribution to the SM Higgs 
potential. 
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The two main frameworks in which the hierarchy problem is usually addressed are 
supersymmetry and compositeness. The supersymmetric way has been and still is a theo- 
rist's favorite. This rank is well deserved by the theoretical appeal of supersymmetry and 
its ability to make definite predictions due to its weakly coupled nature. Compositeness 
remains a much less studied alternative. 

In the past decade a realistic framework has emerged [1-7] in which the Higgs boson 
arises as a pseudo-Goldstone Boson (pGB) from the spontaneous breaking of a global 
symmetry G, of a new strongly interacting sector, to a subgroup H. These models have two 
crucial advantages over plain technicolor models. Firstly, the presence of a light Higgs boson 
allows the parametric separation between the G —> H breaking scale / and the electroweak 
symmetry breaking scale v which is needed to alleviate the tension of technicolor models 
with electroweak precision tests [8]. 1 Secondly, the flavor problem of technicolor can be 
greatly improved by the implementation of partial compositeness [9]. This implies that 
those degrees of freedom, whose elementary nature is well probed (the light quarks and 
leptons and the transverse polarizations of the gauge bosons), are external to the strongly 
interacting sector and they communicate with it only through linear couplings of the form 

£ mix = gA ll J» + \qO + ... , (1.2) 

where J is a global current of the strong sector which is gauged by the SM vector bosons 
and O is a fermionic operator (assumed to have a naive mass dimension 5/2) [10]. 2 
The couplings of the elementary fields to the strong sector break the global symmetry 
G explicitly and generate a potential for the Higgs which is calculable in specific models 
and whose general structure we will sketch following the discussion in Ref. [11] closely. 
The largest contribution to the pGB potential comes typically from the interactions gen- 
erating the top quark mass. The Yukawa for the top quark arises from the coupling of 
the elementary q^ and t R to the strong sector according to the pattern sketched above in 
Eq. (1.2) 

C abt = \ L fq L O q L + \ R ft R O t R + h.c, (1.3) 

where / is the sigma model decay constant and O stands for fermionic resonances of mass 
in the low energy theory (their naive dimension is now 3/2). Dimensional analysis 
ensures the leading contribution to the top Yukawa to be 

Vt , (1.4) 

where 1 < ~ rn^/f < Att is the typical coupling among these fermionic resonances. 3 
The dimensionless parameters €l,r = Xl,r/9^ determine the degree of compositeness of 
the various SM fields ranging from (elementary state) to 1 (composite state). 

A fortuitously light scalar can also be present in technicolor models. For instance it can be the dilaton. 
2 Eq. (1.2) has to be understood as evaluated at the typical mass scale m p characterizing the resonances 
of the strong sector. If, above this scale, the strong sector behaves as an approximately conformal field 

/ m \ do -5/2 

theory up to energies of order Auv, one expects A(m p ) ~ A(Auv) ( j^- —J where do is the scaling 

dimension of O at the fixed point. 

3 We wish to distinguish this coupling from the one among the vector resonances, g p . Notice that can 
be naturally smaller than g p due to an approximate chiral symmetry. 
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Deep insight into the structure of the Higgs potential is obtained by exploiting the 
symmetry properties of Eq. (1.3). As the strong sector obeys a global symmetry G the 
operators O q and O t can be classified according to their transformation properties un- 
der G." 1 Furthermore when both interactions in Eq. (1.3) and the SM gauge interactions 
are switched off, the action for the elementary fields is invariant under an independent 
SU(2) x U(l) group, with charges corresponding to their SM quantum numbers. The cou- 
plings Xl and \r break this large Q = SU(2) x U(l) x G to the gauged SU(2)l x U(1)y 
vector subgroup. It is however possible to assign spurious transformation properties to the 
As, promoting them to As, in order to make Eq. (1.3) formally invariant under Q 

£mi* = fqKh)?Ol I + ft a R (XR)fO^ + h.c. ; (1.5) 

a and I are irreducible 577(2) x U(l) and G indices respectively. 

When both the strong sector and the high energy fluctuations of the elementary modes 
are integrated out the resulting effective action will respect the spurious Q symmetry. 
SU(2) x U(l) invariance implies that, for instance, at leading order in Ax, only the combi- 
nation Xlj^j = will enter the Higgs potential. The same argument constrains 
the form of the Xr contribution. 

Xl,r transform spuriously as reducible representations of G: Xi^j = Ylr-^i r - In 
order to build non-trivial (Higgs dependent) invariants that can contribute to the Higgs 
potential we introduce the Goldstone boson matrix U(h) transforming as [12] 

U(h)-> gU{h)h{g,h)- x , g e G, h € H. (1.6) 

U (h) can be used to turn irreducible representations of G into reducible representations of 
H. Combining X with U according to their transformation properties we can construct 
non-linear G invariants, I{(h/ f), which depend non-trivially on the pGB h. The structure 
of the potential will thus be [13] 

V(h) = V {Uoop \h/f) + V {2loop \h/f) + ... 

= fml (£) 2 (^(V/) + M\h/f) + ..) (L7) 
+fml(^y(e^?\h/f) + ...)+..., 
where / is the decay constant of the pGB, h is the physical Higgs field and 

i.e. each of the functions J 7 is a sum of the non-trivial G invariants which can be constructed 
at a given order in e and h. Eq. (1.7) allows us to determine how EWSB occurs. Generically 
we expect the one-loop, leading order J 7 ^ contribution to be dominant. As the various T 

4 The fact that G is spontaneously broken to a subgroup H does not affect this statement as the Goldstone 
bosons from G — > H can be used in the definition of O q and O in order to make them transform linearly 
under G. 
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are expected to be 0(1) functions of their argument, some degree of cancellation among 
the q is necessary to obtain a small enough ratio £ = (f//) 2 which is crucial for a realistic 
phenomenology. In the absence of other cancellations, this irreducible tuning of a composite 
Higgs model can be quantified by £ itself. 

The simplest realistic realization of the composite Higgs idea is represented by 
G = SO (5) x U(l) x and H = 50(4) x U(l) X - 5 The coset space G/H contains a quadru- 
plet of GB, three of which are eaten by the SM gauge bosons while the fourth is the 
physical Higgs boson. Since the Higgs is an angular variable on the compact coset mani- 
fold G/H ~ 5 4 , the G invariants are expected to be trigonometric functions of h/f. 

For certain choices of the operators O q,t , the leading contribution to the Higgs poten- 
tial, J-^\ contains a single invariant at 0(e 2 ). This happens for instance in the simplest 
case in which both O q and O transform as a 5 of SO (5) where 



with Sh = sin/i//, and only a discrete set of values is available for £. In order to be able to 
tune £ <C 1, it is necessary to suppress the coefficient of the leading order term in Eq. (1.9) 
to be of the same order as the 0(e 4 ) subleading contribution which will contribute with 
the new independent functions of h/f 



In other words we need ci « C2e 2 and the tuning is worsened to ^ x e 2 . 

The simplest situation that avoids this peculiar behavior corresponds to the O q being 
the 14 dimensional (symmetric and traceless) representation of 50(5) and O t being a 
singlet. This choice defines the MCHM14 [14]. In the MCHM14, already contains two 
invariants and a viable EWSB can be achieved with the minimal amount of tuning. 

To study the consequences of this model beyond simple dimensional analysis the cal- 
culability of the Higgs potential is a crucial property. A 4D realization of the MCHM14 has 
been obtained in Ref. [14] using Weinberg's sum rules to ensure calculability. 6 Collective 
breaking, used in Ref. [11], led to the same result. In this paper, we follow the original 
approach of Ref. [2] studying a holographic realization of the MCHM14 where calculability 
is related to locality in an extra dimension. The only difference between our approach and 
the original holographic approach to composite Higgs models is the 5D metric, that we 
choose to be flat and not AdSs. 

The paper is organized as follows. In Section 2, we clarify the role of symmetries and 
dimensional analysis in the structure of the Higgs potential of the MCHM14. We recall 
the general features of holographic composite Higgs models in Section 3 and describe the 
setup leading to the MCHM14 in detail. In Section 4, we compute the Higgs potential and 
study the dependence of £ and on the parameters of the 5D model. Here we study the 
spectrum of the fermionic resonances, their relations with the Higgs mass and the tuning 

J The U(l)x factor is needed to obtain the correct hypercharge for the SM fermions. 
6 For an extensive discussion of the use of generalized Weinberg's sum rules in general composite Higgs 
models see Ref. [15]. 



2 x-C 1 ) 2 2 

e J-{ — c±e s h 



(1.9) 




(1.10) 
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of the holographic implementation. In Section 5 we summarize and conclude, sketching 
some possible phenomenological implications of the model. 



2 A composite Higgs with qi G 14 and tR G 1: spurionic analysis 

In this section we describe some features of the MCHM14 following from its symmetries. 
We begin by discussing the gauge/Goldstone sector and move on to the fermionic sector. 

2.1 The Goldstone and gauge sector 

The bosonic sector of the theory comprises the Goldstone bosons of the SO(5)/SO(4) 
coset and the gauge bosons of the SU(2)l x U(1)y SM gauge symmetry. The first appear 
through the matrix U (h) defined by 

U(h) = exp j , (2.1) 

where T a are the broken 50(5) / 50(4) generators (see Appendix A for their explicit expres- 
sions). Notice that U{h) is an orthogonal matrix transforming as in Eq. (1.6). Moreover, 
we can use U{h) to construct the 5- vector 

Ej(fc) = U I5 (h) = isin j (h\h\h\h\h cot y\ , h=^f, (2.2) 

transforming linearly under 50(5), i.e. — > gT,(h). In the unitary gauge this reduces 
to 

' h h V / X 

0,0,0, sin-, cos- . (2.3) 



/' /, 

The gauging of the SM SU(2) l X U(1)y symmetry is introduced through the usual covariant 
derivative 

= 8^ - iT[wfc - iTftBftE. (2.4) 

For fields with a nonvanishing A-charge the hypercharge is given by Y = T R + X. In a 
derivative expansion the leading term in the Lagrangian of the pGB is thus 



1-2 



C^ in = f —{D^) T D^, (2.5) 

such that mw = gf /2 sin((/i)//). Furthermore, we expect the elementary gauge bosons to 
couple linearly to dimension 3 conserved currents of the strong sector, as discussed below 
Eq. (1.2). Upon integrating out the heavy degrees of freedom of the composite sector these 
G-breaking interactions will generate an effective Lagrangian for the gauge bosons which 
can be used to derive the gauge contribution to the Higgs potential. The most general 
effective action for the SM gauge fields can be derived under the assumption that the full 
global symmetry of the strong sector G is gauged. At the quadratic level in momentum 
space, this SO (5) x U(l)x invariant Lagrangian is given by 

^eff = \p$ [Itf (P)A X »A X » + n ( P )Tr[A»A»] + n 1 (p)E T ^A"S] , (2.6) 
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where P$ = r}^ v — p^Pv/p 2 is the transverse projector. 7 We identify the SM gauge bosons 
among the 50(5) x U(l)x ones according to 



A aL = W a 



a3r — aX 
A H — fj, 



B 



Hi 



a1r,2r — /\a 



0. 



Using these relations, the effective Lagrangian for the SM gauge fields becomes 



f9 _ p(t) 



^W af *Tl ab W bu + W 3 "Il 30 B u + ^B"IL 00 B" 



(2.7) 



(2i 



where the form factors are related to those in Eq. (2.6) by 

■2 



n 00 
n 03 
n a6 



n + + -^nx , 



^nx 



(2.9) 



Sat (u Q + . 



2.2 The fermionic sector 



We assume the existence of fermionic operators O q L G 14 2 /3 and O r G 12/3- The subscript 
refers to the U(l)x charge. 8 According to partial compositeness these operators couple to 
the elementary fermions through linear mixings as discussed in the Introduction 



Anix = X L fqfTr [PgOl] + X R ft a R P^O R + h.c. 



(2.10) 



To make contact with Eq. (1.5), we define Xl = XlPl and analogously Xr = XrPr where 
Xl and Xr are numerical coefficients describing the mixing strength between the elementary 
states and the composite sector. Both P" and O q are taken to be 5 x 5 matrices tranforming 

as 

O q ^g- 1 O q g, PE^g^Pgg, g G 50(5). (2.11) 

The index a refers to the elementary SU(2) factor discussed in the Introduction. Eq. (2.10) 
is formally invariant under a spurious symmetry group Q = SU(2) xU(l)x 50(5) x U(l)x 
if one assumes 



q L = (2,2/3,1,0), O q = (1,0,14,2/3), P L 



-2/3,14,-2/3), 



t R = (1,2/3, 1,0), O t = (1,0,1,2/3), P R = (1,-2/3, 1,-2/3) 
The spurion P^ is given by 



(2.12) 



Pr° 



-*aT 
V 



\ 



(2.13) 



7 Notice that S T AE = 0. 

8 We do not discuss the implementation of SM fermion masses apart from the top since their effect on 
the Higgs potential is subleading. 
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with 



■AT 



v- = (0,0,t,-l), v zl = (t, -1,0,0), 
while Pr = 1. The explicit expression for the matrix ipg = q^P^ is thus 



(2.14) 



/ 



\ib L -b L it L -t L 



ib L \ 
-b L 
it L 
-t L 



(2.15) 



/ 



Once the strong sector is integrated out the resulting effective Lagrangian for the light 
degrees of freedom has to respect the full spurionic symmetry which implies that qi and 
t R will only enter through the combinations ip q and ipt = tR- The relevant terms in the 
most general effective Lagrangian are thus 



(2.16) 



C cS = n^Tr \$ q tfip q ] +U^ tFWt 

+4n?£ T V^^£ + U q 2 (E%£) i (£%£) 
+M 1 *^£ 3 > (? £ + h.c. , 

where ITq, IIq, II', n|, M\ are p 2 -dependent form factors that we will determine in the com- 
plete 5D theory in Section 3 (the explicit form in 5D can be found in Appendix B.2). In 
terms of t^, bi and t R the Lagrangian in Eq. (2.16) becomes 



^ hL b L i>b L + U'Hl^l + U tR t R ^t R - {U tLt H L t R + h.c.) 



(2.17) 



where the form factors are related by 



n tLtR = M[ Sh c h 



^ + n?(i + c |)+nK4, 



1J -0' 



(2.18) 



with Sh = sink/ f and Ch = cosh/ f. 

Eq. (2.17) is sufficient to extract the top quark mass: 



|/Vft|2 2 2 
\ IVI l\ s h C h 



\Mj\ 2 
iJ -o 1J -o 



(2.19) 



Here the form factors are evaluated at p = which neglects effects of order m 2 /m|i where 
is the mass of the fermionic resonances in the strong sector. In the last equality 
we assumed the existence of a hierarchy 11^, n| <C IIq. As we will explain below this 
assumption is guaranteed by partial compositeness. 
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2.3 The Higgs potential 

As the couplings of the elementary fermions and gauge bosons break the global symmetry 
of the strong sector, integrating out their high energy modes at 1-loop or higher order will 
generate a nonvanishing potential for the Higgs boson. At 1-loop the calculation is the one 
of Coleman and Weinberg in Ref. [16]. 

The gauge contribution to the Higgs potential is obtained starting from Eq. (2.6). 
After rotation of the form factors to Euclidean space we obtain 



T/ th\ 3 f dA P E 

Vg(h) 



2 J (2tt) 4 



8 l u A , , A , ^H^Ho + H^ 



2 log 1 + ^^ +log 1 + 



4 u j °v 4n n + n 



x 



(2.20) 



where p\ = — p 2 is the Euclidean momentum. The explicit expression of the form factors 
in a 5D model is obtained in Section 3. Similarly, the fermionic contribution to the Higgs 
potential follows from Eq. (2.17) 

v top (h) = -2N C J ^ [log (n^) + log ( P |n^n*« - |n*^f )] , (2.21) 

where again all form factors are functions of the Euclidean momentum pe- The convergence 
of the integrals in Eq. (2.20) and Eq. (2.21) depends on the details of the model. In the 
holographic case the form factors turn out to be exponentially decreasing functions of pe, 
while the convergence is only power-like in discretized models. 

To extract the structure of the Higgs potential we use again the relations Hi <C Ho 
and n', H2 <C Hq that allow us to expand the logarithms and write the non-constant part 
of the potential as 

V(h) = ac 2 h + f3s 2 c 2 = (13- a)s 2 h - ^ . (2.22) 
The coefficients a and f3 are given by 

« = -1 I f 1 + m ° + U L) -™J^, (2.23a) 

4y(2vr)4n ^ 2(n + n^)J C 7(27r) 4 ng' 

d 4 PE fll 9 2 \ M 1 2 



The potential in Eq. (2.22) has a minimum for 
corresponding to a physical Higgs mass 



a 2 -0 
W f 2 



™>h = = ~ ■ ( 2 - 25 ) 



Assuming the gauge contribution to be subleading we can estimate the expected size of 
a and /3 using spurionic symmetries and dimensional analysis [17]. The Lagrangian in 
Eq. (2.10) is formally invariant under the spurious symmetry group Q described in the 
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Introduction. As the composite sector and the high energy fluctuations of the SM fields 
are integrated out, the Higgs potential has to satisfy the spurionic symmetry Q with its 
50(5) subgroup being non-linearly realized. Since no non-trivial invariants can be build 
out of XrPr, this structure will not enter the potential. For XlP£ there are two possibilities 

h = (U^P?Pi a U) 55 = £ T P£ Plj: = 1-\s\, (2.26) 

h = (U^PEU) 55 (U^Pl a U) 55 = (S T P^S)(S r P^S) = s 2 c 2 . (2.27) 

Both invariants can be generated at 1-loop order and are proportional to )? L . The leading 
contribution to the potential will thus be of the form 

V(h) « iVcTTTo -r + «2/ 2 ) , (2.28) 

where a\, a,2 are coefficients of order 1, and = g^f is the typical mass of the fermionic 
resonances cutting off the UV divergences in V{h). As a± is naturally of the same order as 
(Z2, a given value of £ requires a cancellation of order £ among the parameters. The Higgs 
mass, on the other hand, is given by 




(2.29) 



This implies that, to obtain the measured value of the Higgs mass in a natural way, we 
need ejj ; « 1 (in which case tn would be a fully composite state), a small g^ and | a-2 1 ~ 0(1) 
or a suppressed quartic coupling | ci2 1 < 1- This second possibility will increase the tuning 
from ^ to £ x 1 02] if it is obtained through cancellations between the two pieces in the 
expression of ft in Eq. (2.23). These considerations must be taken with a grain of salt. 
While the parametric behavior of mh as a function of the various parameters is a solid 
prediction, the overall normalization of Eq. (2.29) is only an educated guess. In a specific 
model, numerical factors of order 1 can conspire to make 1 0.2 1 somewhat larger or smaller 
than 1 in a completely natural way. In the former case the tuning needed to obtain a light 
Higgs boson would be enhanced while in the latter it would be reduced. We will show an 
effect of this kind in our specific example in Section 4. 

3 The 5D construction 

In order to make detailed predictions from our setup we need a framework where the Higgs 
potential is calculable. In this paper we follow the holographic approach where finiteness 
is ensured by locality in an extra dimension. We define our theory in a compact extra 
dimension M 4 x [0, L] with a flat metric 

ds 2 = ri^dx^dx" - dz 2 , (3.1) 

and with = O(TeV). To compute the effective action for the light degrees of freedom 
we follow the holographic prescription as described in Ref. [18]. 9 

9 For a detailed analysis of the holographic techniques and gauge-Higgs unification in a flat extra dimen- 
sion see Ref. [19]. 
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One may question the use of the flat metric in our construction: extra dimensional 
models require warping in order to properly address the hierarchy problem. It is known 
however that it is possible to mimic the low energy behavior of a theory in warped space 
(AdSs in particular) by a theory formulated in a flat extra dimension with suitable terms 
added to its action [20-22]. This is enough to implement features like partial compositness 
in flat space. In a warped theory these properties would follow automatically from the dual 
4D interpretation. 

In Appendix B we give all the formulas which are necessary to implement our model 
also on an AdS5 background. 

3.1 Gauge degrees of freedom 

The bulk theory obeys a gauged SO (5) x U(l)x symmetry 10 corresponding to the action 



SI D = - I d 4 x 



L 







dz 

T 



4 2-— v, ■ Ag 



T±[Fmn] + tit ( f mn) 



X 



(3.2) 



The gauge symmetry is broken to SU(2)i x U (l)y in the UV (z = 0) and to £0(4) x U(l)x 
in the IR (z = L) by the boundary conditions [21] 

A^=W^, Al« = A* = B^ 4^=4 = 0, z = 0. 

The z = values of the 5D fields are used as interpolating fields (holographic fields) in the 
low energy theory. 

The bulk gauge symmetry has to be gauge fixed. A useful gauge to adopt is the one in 
which A§ vanishes along the extra dimension. This is reached by a rotation of the gauge 
fields by the Wilson line 



g[x,z) 



exp (i £ dz'A%{x,z')T c 



(3.4) 



where 'P' stands for path ordered exponential and T a are the SO (5) generators. The issue 
with g is that it does not reduce to an element of SO (4) on the IR boundary. This problem 
can be bypassed by enlarging the gauge group at z = L through the explicit introduction 
of Goldstone bosons. The IR boundary conditions in Eq. (3.3) are therefore redefined in 
terms of the rotated field 

= U(A M + id M )U\ (3.5) 
where U is the matrix in Eq. (2.1) and 

A^ u A a (x,L) =0, (fMY (x,L) = 0. (3.6) 

This corresponds to an SO{b) gauge transformation by the matrix U. Thanks to the 
transformation properties of U the IR boundary conditions are now invariant under the 



3 The gauged symmetry includes color SU (3) which we do not write explicitly. 
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full SO (5) group and Eq. (3.4) can be used to reach the ^5 = gauge. It is important 
to keep in mind that no new degree of freedom has been introduced in the theory. This 
is clear since the new scalars in U can be gauge fixed to zero by an appropriate gauge 
transformation on the IR boundary. The dependence of the IR action on U can be removed 
through a bulk gauge transformation A — > As the bulk action is SO (5) invariant, 

the effect is merely to move the dependence on U to the UV boundary conditions which 
become 



^(x,0) = al u >. (3.7) 

This rotation will affect all the fields in the theory according to their 50(5) representations 
and determine how the Higgs boson enters the theory. 

Localized terms consistent with the reduced gauge symmetry can be added on both 
boundaries. For the gauge fields we add kinetic terms for the holographic sources 

1 ,2 1 



eg 



(fx 



±<jI v ' 1X1,1 H x 



(3.8) 



Following Ref. [18] we obtain the effective action for the holographic degrees of freedom. 
We solve the classical equations of motion for the bulk fields with the boundary conditions 
specified in Eq. (3.3) and we get 

1 „ 1 



eg 

°cff 



eg 
D uv 



(fx 



Tr[A^d 5 A»} + 



2 9 \L AX ^ AX \ 



(3.9) 



A^ + Af. 



The gauge fields can be split into their longitudinal and transverse parts A^ — 
It is easy to show that the solution of the equation of motion for the longitudinal part is 



A h{ !\z) = A & ^(0) (l 



0. 



(3.10) 



The = gauge is reached by rotating the UV boundary values of the gauge fields 
as in Eq. (3.7). The residual gauge freedom can be fixed by going to the Landau gauge 



B 



(0 



w; 



a (l) 



0. Now the terms in Eq. (3.9) corresponding to the longitudinal part of 



the broken 50(5)/50(4) gauge fields deliver the kinetic term for the Goldstone bosons 

1 



C 



kin 



(3.11) 



Matching its normalization to Eq. (2.5) implies the relation 

2 1 

From the remaining part of Eq. (3.9) one obtains the form factors appearing in Eq. (2.9) 



(3.12) 



u o 



n n 



iii 



p p 



9i 

2 

V 



9\ 



+ 



n(p) y 

9\L 



+ 



n(p) 



V 



92 9r L 
^ U v (p)-U v (p) 
9lL 



(3.13) 
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where U\r(p) = ptanpL and Hv(p) = —pcotpL. Using Eqs. (2.9) and (3.13) we obtain for 
the gauge couplings 



1 1 1 / A 1 1 1 1 1 / A 1 



which also imply g\ ~ g', 92 ~ 9 and therefore g\ = g 2 t\v with tw the tangent of the weak 
mixing angle. The first zero of II a fc in Eq. (2.6) corresponds to the W mass. In the limit 
92 *C <?5 this is given by 



L 2 2g 5 



m W-T2w\- ( 3 - 15 ) 



The masses of the Kaluza-Klein resonances can be obtained from the zeros of the form 
factors. The first KK partner of the W has a mass, before EWSB, given by 

1 , „ ( si 



Also the S parameter is readily computed from Eq. (2.6) 

S = g 2 U' 30 (0) = L « M|. , ;;. 1 7 ) 

3(1 + 55/52) -f 3ai 



One can interpret S as originating from the tree level exchange of the massive KK vectors 



M 2 KK 



(3.18) 



Notice the factor of ir 2 mismatch between Eqs. (3.17) and (3.18) when Eq. (3.16) is used. 
This is due to the sum over the whole KK tower (M~~ ~ nir/L) since ^ 1/n 2 = ir 2 /6. 

Substituting the form factors in Eqs. (2.9) and (3.13) into the potential of Eq. (2.20) 
and assuming g 2 <C 55, <?i <C gx and 55 w gx we can perform the integral explicitly to get 

Notice that the gauge contribution to the potential gives a positive mass term for the Higgs 
and therefore does not break electroweak symmetry [23, 24]. 

Let us now discuss the role of the UV localized kinetic terms for the gauge fields in a 
flat extra dimension [22]. As shown in Eq. (3.14), in the absence of these contributions the 
kinetic terms of the gauge bosons would come only from the strong sector 1/g 2 ~ l/fi'l- 
In this case we would expect no difference between the electroweak bosons and the other 
vector resonances of the theory: this is exemplified by the value of S which is of order one 
without UV localized kinetic terms. Such a scenario is clearly not viable. The inclusion of 
large kinetic terms on the UV boundary is required to ensure that the SM W and Z are 
sufficiently weakly coupled to the strong sector. The parameter g/g$ can be understood as 
the degree of mixing between the elementary gauge fields and the composite resonances of 
the strong dynamics. 
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When the theory is formulated in AdSs space the suppression of the mixing between 
the elementary and the composite sector is guaranteed by the curvature of the metric 
without the necessity to add localized kinetic terms (see Appendix B). The reason for this 
is the presence of a warping which makes a clear distinction between the UV localized 
(elementary) and IR localized (composite) states: the small overlap of their wavefunctions 
automatically ensures a suppression of their mixing. 



3.2 

We 



Fermionic degrees of freedom 

introduce two bulk Dirac fermions in SO (5) x U(l)x 



14 



2/3 — 1-2/3 © 4 2/3 © 9 2/3 



and ^ 



L 2/3- 



representations: 
We work in the massless b quark 



limit. To properly account for the b quark mass two further multiplets embedding a qi, 
and a t# with X = —1/3 have to be introduced with appropriate boundary conditions. 
There is some degree of arbitrariness in the definition of the boundary conditions for the 
various fermionic components. Our choice is the following 11 



<?(-+) 





(3.20) 
(3.21) 



where we take the UV boundary values of the Tj| = — 1/2 components of ip^j and of tptR 
as holographic fields. Notice that the boundary conditions on the IR brane commute with 
the unbroken SO (4) symmetry. The two multiplets are assigned the bulk masses M^ t and 
Mq, q respectively so that the bulk action is given by 

f dz 

S L = J d * x j -J Tr^? {0 + M ^ q ) *«] + ** (*# + M *t) *t , (3.22) 

where the factor 1/L has been introduced to ensure the dimensionality of the 5D fermions to 
be equivalent to the canonically normalized 4D fields. At this level the only zero modes are 
a left-handed SU(2)l doublet, q^, and a rig ht-handed SU{2) L singlet, tp^, both coming 
from ty q . 

The IR boundary terms allowed by the unbroken SO {A) x U(l)x symmetry at x = L 
are given by the sum of four different kinetic terms for the four SO (4) representations plus 
a mass mixing between the two £0(4) singlets: 



S- 



f 

IK 



d 4 x I dz 
o 



m u if) qR ip tL + h.c. 



5{z-L). 



qL 



(3.23) 



: For the decomposition of the 14 2 /3 representation in terms of SM quantum numbers see Appendix B.2. 
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The parameter mu has the dimension of a mass and controls the mixing between the 
right-handed component of the singlet inside *$> q and the left-handed component of ^/f 
This mixing ensures that the holographic source for ipm has a non vanishing overlap with 
the right-handed zero mode living in ty q . This is crucial because the top Yukawa coupling 
arises from the kinetic term of ^ q after EWSB. 12 The parameters k{ are dimensionless 
and control the magnitude of the IR localized kinetic terms for the four different 50(4) 
representations. Notice that k\ and the combination k\ = k\ = kg are SO (5) invariants. 
To simplify the discussion and without losing any qualitative effect we set k\ = k\ = 0. 
Non vanishing values for k\ and k\ are thus needed to break S"0(5) on the IR boundary. 
Moreover a non vanishing difference k\ — k\ is required to break an SU(9 + 4) = SU(13) 
accidental global symmetry of the bulk theory under which the fields in the 9 and those 
in the 4 rotate as a single multiplet. In the absence of such a breaking the IT^ form factor 
would vanish: the only contribution to a in Eq. (2.22) would then come from the gauge 
sector. 

As discussed in the previous section for the gauge sector, realizing partial compositeness 
in a flat extra dimension requires the introduction of UV localized kinetic terms. We 
introduce the UV boundary action 

S lv = J * x J dz [Z q q L Hpq L + Z t q R ilpq R ]6(z), (3.24) 
which contributes to the form factors in Eq. (2.18) as 

AIT? = Z q , An* = Z t . (3.25) 

Assuming Z q S> 1 implies a hierarchy IIq ^> 11^, II^ which is the one invoked in Eq. (2.19) 
and above Eq. (2. 22). 13 All interactions of the elementary fields with the strong sector 

— 1/2 

get suppressed by a factor Z qt which can be interpreted as the mixing el,r = ^l,r/9^ 
between elementary and composite fields (see Introduction). In view of Eq. (2.29), to 
obtain a composite top right (e# « 1) we take Zt = 0. 

3.3 The spectrum of fermionic resonances 

In this paragraph we review how the spectrum of fermionic resonances is encoded in the 
holographic action for the boundary degrees of freedom. Using the holographic procedure 

12 Notice that we could have exchanged the boundary conditions of with those of t{>[ with little change 
in the physics. Another possibility could have been to dispose of the 5D singlet and to use the UV boundary 
value of ip^ji as the holographic field. In a model implemented in AdSs space this possibility requires both 
the ii and the tn to couple to the same operator in the strong sector thus implying Xl ~ Au ~ \fyt<H>- 
This is problematic for two reasons: firstly it does not allow us to reach the limit in which the tn is fully 
composite thus disfavouring a light Higgs boson; secondly it creates a tension with EWPT, in particular 

9 2 A 4 

with the T parameter, which scales like T ~ j^yi-^t^- Although there is more freedom in flat space, we 
discard this possibility to make the comparison with AdSs more transparent. 

ls In flat space we will use the notation ILg = Z q + ITq, IIq = Zt + Hq as we do in Appendix B.2 to 
distinguish the form factors with and without the localized kinetic terms. Notice that IIq and FIq enter in 
the Coleman- Weinberg potential of Eq. (2.21). 

14 Other UV and IR boundary terms are needed to ensure that the total variation of the 5D action vanishes 
[25]. These terms play a crucial role in the calculation of the 4D effective action and are listed in Appendix 
B.2. 
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one can obtain the effective Lagrangian in Fourier space for a fermionic bulk field \P 

*(p)^II(p)*(-p). (3.26) 

The function H(p) contains all the information about the masses of the physical states in 
the theory. If the source \E' is not dynamical (Dirichlet BC in the UV), holography relates 
pIL(p) with the two-point function {0^{p)0^(— p)) of the operator associated to \I / in 
the dual 4D picture. This implies that the masses of the physical states are associated with 
the poles of fH{p) (the poles in the two point functions of O^). If on the other hand the 
source \I / is dynamical, it mixes with the bound states interpolated by and the masses 
of the physical states are given by the zeros of pTl(p). In the following we will have to deal 
with cases where $ is a vector and II a matrix. Here three possibilities occur. If all the 
sources in \& are non dynamical it is sufficient to consider the poles of any of the entries in 
pH(p) as all the states with the same quantum numbers in the strong sector are mixed. If 
all the sources are instead dynamical one has to find the zeros of the various eigenvalues 
of pU(p), that is the zeros of their determinant. Finally, in the intermediate situation in 
which only a subset of sources is dynamical, it is enough to find the zero eigenvalues of the 
sub- matrix corresponding to these fields. 

For the model presented in this paper, the resonance spectrum before EWSB consists 
of various towers labeled by their SU(2)l x U(1)y quantum numbers: 

• a l 2 /3 tower with masses given by the zeros of |TIq; 

• a 2]yg tower with masses given by the zeros of |>(IIq + 2IT*); 

• a 2 7 / 6 tower with masses given by the poles of |>(IIq + 2IT^); 

• a 9 2 /3 tower under S'0(4), decomposing as 3 5 /3©3 2 /3©3_ 1/ /3 under SU(2)l x U(1)y 
with masses given by the poles of ftH^ . 

After EWSB the physical states are organized according to their electric charge: 

• a charge 2/3 tower with masses given by the zeroes of 

p 2 & (u q + n? (i + 4) + Ulclsl) - \Ml\ 2 s 2 h cl 
where the first zero corresponds to the top quark mass; 

• a charge -1/3 tower with masses given by the zeros of |#(IIo + 211^ c^), where the 
massless pole corresonds to the bottom quark; 

• a charge 5/3 tower with masses given by the poles of |*(IIq + 2H\c\)\ 

• charge 8/3 and -4/3 towers with masses given by the poles of |*IIq. 

All the form factors appearing in these expressions are given in Appendix B.2. 

Before closing this section it is important to discuss a crucial feature of holographic 
composite Higgs models, which pertains the relation between the two couplings g p and 
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g^p described in the Introduction. They can be defined schematically by their relation to 
the masses of bosonic and fermionic resonances of the theory: m p = g p f and = g^f. 
While these two couplings can be split in generic 4D constructions [26-28], in a 5D theory 
the Kaluza-Klein masses are all set by a single mass scale, L . For the coupling among 
vectors, using Eq. (3.16) for the mass of the first KK state and Eq. (3.12), one gets 

9 P - ^ft, (3.27) 

The fermionic spectrum and thus the coupling g^ are more model dependent. Considering 
a 5D bulk fermion with = whose right-handed component has (+, — ) BC we find 
again 

9<p = ^~^95- (3.28) 

Thus in general 

9 P = 9i> = 95- (3.29) 

This has an important consequence in view of Eq. (2.29) since g^ is now identified with 
g p . Barring accidental cancellations in the quartic coupling of the Higgs and assuming the 
most favorable situation of a composite tn (en ~ 1), g p has to be small to accommodate 
the observed value of m^. This generates a tension with the value of the S parameter (see 
Eq. (3.17)) 



We will come back to this issue in the next Section. 



4 - 10-3 (A-) (± 

3gj \0.lJ \g p 



JM (-) . (3.30) 



4 Numerical analysis 

In this section we present a numerical analysis of the model focusing on the Higgs potential 
and on the fermionic spectrum. We begin by discussing the parametric behavior of the 
various observables we are interested in and later present our numerical procedure. 

As we are mainly interested in the composite tn case we first describe the ideal situation 
in which Z q 3> 1 and IIq ~ Z q . The parameters of the 5D model can be related using the 
expressions for the weak coupling g, the W, top and Higgs masses. The Higgs potential 
has the following parametric behavior 

v(h) = ^j^^VhdPihO + Vgih), (4.i) 

where V g (h) is the gauge contribution given in Eq. (3.19). pi is the set of dimensionless 
parameters M q L, M t L, muL, k\, k\ : k\, kg. If we can neglect V g (that is if 55 is sufficiently 
large) the value of £ can be determined as soon as the pi are fixed. In the limit 55 3> 5 15 
the W mass is given by Eq. (3.15). The top mass can be read off Eq. (2.19) and, in the 
large Z q limit, can be written as 

m 2 t = ^F t ({ Pi }) , (4.2) 



3 These various relations hold with good accuracy as long as gs > 1.5. 
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where Ft is a dimensionless function of the various p{. Our final input, the Higgs mass, 
follows from Eq. (4.1) 

< = h ji$i Fh{{p ' }l (4 ' 3) 

For a given set of p% it is then possible to fix g§, Z q and L to reproduce the three input 
values my/-, mt and m^. 

In order to include the effect of a non vanishing gauge potential and to allow for smaller 
values of Z q we scan randomly and uniformly over the parameters pi and over both g§ and 
Z q . For each point we evaluate £ and compute the ratios mt/mw and mh/mw- We discard 
points which do not fall into the interval defined by 

m w = 81GeV, 
148 GeV < m t < 154 GeV 16 , (4.4) 
120 GeV <m h < 130 GeV. 

We choose the following range for the parameters pi 

(-2 + 2), 
(0.3 + 2), 



M q L, M t L 



m\\L 
95 



(0 
(0 

(1 



2), (4.5) 

10), 

9). 



To simplify the scan we fix k\, kf = since these parameters are not expected to modify 
the qualitative picture as we explained in Section 3.2. We furthermore restrict m\\ to 
positive values as it only enters through the combination |mn| 2 . 

In order to conform to the general discussion at the end of Section 2.3 it is necessary 
to understand the typical size of the coefficient ai defined in Eq. (2.28). To do so we 
scan over the range defined by Eq. (4.5) and calculate a<i without imposing any additional 
requirement. This will give the correct normalization of Eq. (2.28) within our model. 
The results are shown in Fig. (1). We selected only points in which 02 is negative (the 
distribution is basically symmetric around 0). The distribution is quite broad but clearly 
peaks around y^c^f ~ O.4. 17 Thus, it is more appropriate to rewrite the NDA estimate of 
the Higgs mass in Eq. (2.29) by factoring out the normalization of 02 



m\ « (150 



GeV) 2 ^(f) 2 |a 2 |. (4.6) 



If the constraints that we impose on the parameter space to obtain the correct values for 
£ and the top mass do not push a% to the right tail of its distribution, it is clear that the 
tension of the model with the S parameter will be substantially relieved compared to the 
naive expectation. 



16 The central value corresponds to the top quark mass renormalized at the scale /i = 1 TeV, 
m t = 150.7 ±3.4 GeV. 

17 1 a.1 1 has a similar distribution. We have also checked the suppression in the potential does not correlate 
with the presence of anomalously light fermionic resonances in the spectrum [29] . This could happen if this 
suppression was due to the presence of light top partners cutting of the quadratic divergences of the Higgs 
potential at a lower scale. 
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Figure 1: Distribution of the values of VK^T a s defined in Eq. (2.29). The parameter range is the 
one defined in Eq. (4.5). We only keep points with negative a^. 

4.1 Results 

In the left panel of Fig. (2) we show the distribution of points passing the various 
cuts in Eq. (4.4) as a function of g p . The gray histogram includes all points for 
which rrih < 400 GeV, while the red distribution requires to fall inside the interval 
120 -T- 130 GeV. As expected from the scaling of nth (see Eqs. (2.29) and(4.6)), g p cannot 
be too large and its distribution is peaked between 3 and 4. In the right panel of Fig. (2) 
we show the distribution of the parameter yfo^l as defined in Eq. (4.6) and compare it 
with the one already shown in Fig. (1), taking into account the new normalization of |<Z2|. 
The scan thus selects values with a% ~ 1, that is in its natural range. 

We estimate the tuning of the model as follows. Among all points in which the exper- 
imental inputs are reproduced, we pick those satisfying the experimental constraint from 
the EWPT. These points represent a fraction of the total, and this fraction is what we 
denote as the tuning of the model. This definition measures the size of the region in pa- 
rameter space (according to the measure defined by Eq. (4.5)) which is left after the various 
experimental constraints are imposed. In this way we automatically take into account that 
unnatural conspiracies among parameters, which are needed to satisfy the experimental 
constraints, occur rarely [30]. 

Our measure of the tuning differs from the one in Ref. [11] where the more common def- 
inition in terms of the logarithmic derivative of m? z with respect to the various parameters 
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Figure 2: Left panel: distribution of points coming from the scan with parameter ranges given 
by Eq. (4.5) as a function of g p . Gray: points with 115 GeV < rrih < 400 GcV; red: points with 
120 GeV < m h < 130 GeV; blue: points with 120 GeV < m h < 130 GeV which are consistent 
with the electroweak fit at 99% C.L. assuming a 10 -3 positive contribution to T. Right panel: 
distribution of the values of y/a2 as defined in Eq. (2.28) and Eq. (4.6). 



was used [31]. 18 

Requiring the points satisfying Eq. (4.4) to be consistent with the LEP electroweak fit 
at 99% C.L., we remain with the fractions shown in Table 1. In this subset, the value of 
£ is always below 0.04, corresponding to / > 1.2 TeV. Notice that the fraction of points 
remaining (~ 5%) is consistent with a measure of the tuning given just by £. This is the 
case because as discussed above we do not need any additional suppression in the Higgs 
quartic coupling in order to get a light Higgs mass and to cope with the constraints on the 
S parameter. 

Before moving on we notice that by artificially adding an additional positive contri- 
bution to T = 10 -3 the fraction of allowed points grows from 5% to roughly 18% (see the 
blue histogram in the left panel of Fig. (2)). This contribution to T, corresponding to one 
tenth of the top contribution in the SM, is an optimistic estimate of the corrections coming 
from loops of heavy top partners. 19 

Figure 3 shows the distribution of points in the (£, g p ) plane. We included all points 
that can be made consistent with EWPT at the 99% C.L. with the assumption of an ad- 
ditional contribution AT = 10~ 3 . Red and orange points have a spectrum which contains 

18 The relation between the two criteria is particularly transparent in Supersymmetry [32]. Here one can 
write a simple relation between the soft parameters at the scale at which they are generated and mz- 

m 2 z — aM 2 + bm 2 — c|/x| 2 . 

M and m are the common gaugino and scalar masses at the high scale and a,b,c > 0. The log-derivative 
tuning associated to M is given by A = aM 2 /m%. Notice that in the (x = j^ri, V = T^p) pl ane this can be 
interpreted by saying that for a fixed lower bound on A exp (implied for instance by an experimental lower 
bound M exp on the gluino mass), the only allowed region of the (a;, y) plane is the one bounded by the two 
lines ax + by — c = (on which mz vanishes) and ax + by — c = ax/A cxp . For a > b this slice covers a 
fraction of order b/ (aA exp ) of the whole plane. If we randomly scan the (x, y) plane fixing /i to reproduce 
the Z mass, a fraction &/(aA cxp ) of points will satisfy the experimental bound M > M exp . This relates the 
criterion we adopt to the one using the local logarithmic derivative estimate. 

19 These contributions are finite and computable in our model. See Ref. [3] for a discussion. 
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Figure 3: Scatter plot in the (£, <7 P ) for those points that can be made consistent with the EWPT 
at 99% C.L. assuming a AT = 10~ 3 . The black lines are the 2a and 3cr contours from the LEP 
EW fit. Blue lines indicate the suppression in ^fa^ which is necessary to achieve m% = 125 GeV 
according to the NDA estimate of the Higgs boson mass of Eq. (4.6). The color of the points 
indicates the mass of lightest charge 5/3 top partner in the spectrum (see figure). 





EWPT EWPT (+AT = 1CT 3 ) 


% 


4.5 ±0.4 18 ±1 



Table 1: Fraction of points where the experimental inputs in Eq. (4.4) are reproduced which are 
allowed at 99% C.L. by the EW fit as described in the text. 

a charge 5/3 top partner which is lighter than 800 GeV. Any detailed study of the experi- 
mental status of these points is beyond the scope of this work, nevertheless we believe that 
they should be severely constrained by the available experimental searches [33, 34]. The 
blue contours show the necessary suppression in ^[02 according to the NDA estimate of 
the Higgs boson mass. Fig. (3) is puzzling. If we believe the NDA formula ~ g p f we 
should expect a much heavier spectrum than what we find in Fig. 3, as g p = 4 and £ = 0.1 
give rririj) = 3 TeV! 

The solution of this puzzle is shown in Fig. (4). In the left panel we show the fermionic 
spectrum before EWSB of all points that reproduce the experimental inputs (thicker dots 
are for points also satisfying EWPT). A definite hierarchy mg < ni2 7/6 < m2 1 , 6 <C m-i 2/3 
emerges from the figure. In the right panel of the same figure we compare the mass 
distribution of the 50(4) representations l 2 / 3 (shaded red) and 2 1 / 6 (shaded blue) before 
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Figure 4: Left panel: Distribution of fermionic resonance masses before E WSB according to their 
quantum numbers: 9 in green, 2i/g in blue and I2/3 in red. Thicker points are those passing the 
EWPT constraint. Right panel: mass distributions for the 2i/g (blue) and I2/3 (red) SO (4) repre- 
sentations without considering EWPT. The red dashed histograms is the expected mass distribution 
from the NDA scaling = g p f. 



requiring EWPT. The red-dashed histogram shows the distribution of masses obtained 
from the NDA estimate ~ fly>/. It is clear that, while the singlet matches reasonably 
well with the expectations, the other three 50(4) representations are much lighter. 

To understand this behavior it is necessary to inspect how the top mass is obtained 
in terms of the model parameters. Using the approximation in Eq. (2.19) and the form 
factors in Eqs. (B.23), one finds that for large positive My q the top mass is exponentially 
suppressed, while for My < 

mj _ g\ h\My q L\ 



m w glz q + e 2 \ M *« L \kl 



Reproducing the correct mt/mw ratio thus fixes My < —1. Next, in the limit of large 



Z q and vanishing Zt,k\, kg, the KK masses of the 9, 2 7 / 6 and 2 1 / 6 towers are all given 



- q r^j 

jq tuiu vaiiisimig &t, Kg, Kg, me rvrv masses ui me 9, 2 7 / 6 tuiu ^i/g 
by the zeros of M^, q + co q cot co q L while those of the l 2 /3 tower are given by the zeros of 
M^ t + ut cot cotL. The approximate expression for the first KK mode mass can be written 

as 

p~2|M*J e -l M *il L J M 9i L<0, 

(4.8) 



vr 2 , rn / 7T 2 



W + Ml i <p<^ 1? + Ml i , M 9i L>0. 

We see that since My should be large and negative to reproduce the correct top mass (see 
Eq. (4.7)) we expect the masses of the first resonances in the 9, 2 7 / 6 , 2]/ 6 towers to be 
parametrically (exponentially) suppressed with respect to the mass of the first KK mode 
in the I2/3 tower, whose corresponding bulk mass My t is unconstrained. 

We now explain the smaller splittings giving mg < rri2 7/(i < iri2 1 , 6 - First of all, the 
splitting between the 9 and the 2 7 / 6 is proportional to the difference (/c| — kg). Expanding 
the relevant form factors around the point k\ — kg = explicitly shows that mg — itt>2 7/6 
is positive when k\ — kg is positive. Next we rewrite the Higgs potential in Eq. (2.22) 
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separating the fermionic and gauge contributions to a and (5: 



V(h) = (-«/ - a g + P f )4 - p f s\. (4.9) 

The coefficient a g is negative, (3f is always negative in the region we consider, while otf can 
have both signs depending on k& — kg. A viable electroweak symmetry breaking requires 
the coefficient of the term to be negative. The Higgs mass input needs a small 55 
which enhances the electroweak symmetry preserving gauge contribution. As the size of /3 
is basically fixed by the top and Higgs mass measurements, EWSB typically requires an 
extra positive contribution to a (see the minus sign in Eq. (4.9)), favoring k^ < kg and 
thus rriQ < rri2 7/fj . 

The mass difference between the 2 7 / 6 and the 2]y 6 towers is due to the different UV 
boundary conditions for these fields. The zeros of I1q give the masses of the 2]y 6 while the 
poles of IIq give the masses of the 2 7 / 6 . It is clear that in the large Z q limit the masses will 
coincide. In particular, from the explicit form of IIq for kg = (see Appendix B.2), 

U q n = Z a + 1 , (4.10) 

q Mq, q L + u q L cot u q L ' V ' 

it follows that the states in the 2 7/ / 6 are always heavier than those in the 2^. A summary 
of the mass distributions of the fermionic resonances before (red) and after (blue) requiring 
the electroweak fit at 99% C.L. (with an additional positive contribution AT = 10~ 3 ) is 
given in Figure 5. We show the distributions for the different SO (4) representations l 2/ / 3 
(top left), 9 (top right), 2]y 6 (bottom left) and 2 7 / 6 (bottom right). 



5 Outlook and conclusions 



The main challenge of composite Higgs models to naturally describe electroweak symmetry 
breaking are the constraints coming from precision electroweak physics. The tension of 
these theories with electroweak precision tests is the one of old fashioned Technicolor models 
and is due to the unavoidable existence of heavy spin-1 states mixing with the SM gauge 
bosons. This mixing corrects the S parameter by an amount 

AS~^k, (5.1) 

requiring m p > 2.6 TeV. 

The masses of the spin-1 resonances m p ~ g p f are controlled by two parameters, 
their coupling g p and the decay constant / determining the non-linear interactions of the 
composite Higgs. As we decribed in the text, pushing / to large values implies an upper 
bound on the tuning of the model of order £ = v 2 / f 2 . Before Higgs discovery, electroweak 
physics was pointing towards a strongly coupled theory, g p ~ Air, and £ < 0.1 was needed 
to regulate the infrared contributions of the composite Higgs to electroweak observables. 

The measurement of the Higgs boson mass, ~ 125 GeV, adds extra information to 
this picture. The generic expectation of the Higgs boson mass in composite Higgs models 
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Figure 5: Mass distributions of the l 2 /3 (top left), 9 (top right), 2i/g (bottom left) and 27/g 
(bottom right) obtained from the scan with parameter ranges given by Eq. (4.5). Red: points with 
120 GeV < m/j < 130 GeV; blue: points with 120 GeV < < 130 GeV which are consistent with 
the electroweak fit at 99% C.L. assuming a 10~ 3 positive contribution to T. 

can be given in terms of the mass of the fermionic resonances which regulate the UV 
divergence of the Higgs potential: 

^~ 125GeV (iSv)Ve^ (5 - 2) 

The parameter a% is naturally expected to be of order 1. In order not to worsen the tuning 
of the model it is thus important to have light enough fermionic top partners. 

In this paper we presented the 5D implementation of a specific class of composite Higgs 
models with a (pseudo-)Goldstone boson Higgs from the SO(5)/ £0(4) coset. Our starting 
point is the observation, already present in Refs. [11, 14], that in order for £ to be a good 
measure of fine tuning and not to underestimate it, the Higgs potential must be the sum 
of at least two independent periodic functions of the Higgs field h which are generated 
at the same order in the elementary-composite mixing expansion. This fact constrains 
the fermionic content of the model. The simplest way to satisfy this requirement is to 
couple the left-handed top quark to a symmetric representation of SO(5), a 14, and the 
right-handed top quark to an SO(5) singlet. 

Models in 5D are expected to be more constrained and to face a more severe fine 
tuning problem with respect to more general composite Higgs models. The reason for 
this are Eqs. (5.1) and (5.2) and the fact that the masses of the fermionic and bosonic 
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resonances are predicted to be parametrically the same, fixed by the size L of the extra 
dimension. This implies that, once ~ m p is fixed to comply with the bound on S, an 
additional suppression of either £ or a<i is needed to obtain the right Higgs mass. 

We discussed these issues in our model finding that the NDA estimate in Eq. (5.2) may 
be too pessimistic. In our model this occurs because of an additional, fortuitous, overall 
suppression of the estimate in Eq. (5.2) by a factor ~ 0.4 -j- 0.5. The existence of such 
a suppression implies a somewhat heavier spectrum of the top partners can be obtained 
without worsening the fine tuning. Our model is somewhat peculiar in this respect because 
the requirement of a heavy enough top implies that some of the SU (2) l representations, 
into which the 14 decomposes, have to be anomalously light. This fact opens up interest- 
ing phenomenological possibilities which are related to the presence of light exotic charge 
quarks in the spectrum. 20 One of them, T, is a charge 8/3 colored fermion. This resonance 
can in principle give rise to striking cascade decays T — > xW + — > tW + W + — > bW + W + W + 
with final states containing up to 6 W bosons, leading to same sign dilepton or trilepton 
signals with 0(10%) branching fraction. 

The charge 8/3 quark belongs to an SU{2)l triplet of hypercharge 5/3, together with 
charge 5/3 (x) and —1/3 top partners. The 3 5 / 3 triplet is embedded in a larger represen- 
tation of <SO(4), the 9, together with two other triplets of SU(2)l, a 3 2 /3 and a 3_i/ 3 . 
Before EWSB all these multiplets are degenerate. As the exotic charge fermions T and x 
do not mix with the elementary SM fermions, they remain degenerate at tree level even 
after EWSB. For this reason the decay T — > xW + — > tW + W + can only occur through an 
off-shell x- Electroweak interactions lift the degeneracy among the different components 
of the 35/3 SU(2)l multiplet which contains the charge 8/3 quark. This splitting is tiny, 
of the order of 200 MeV. The existence of such a splitting can in principle open up new 
decay channels for T, such as T — > ir + x or T — > e + i>x giving rise to final states which 
would hardly pass the detector cuts. These new decay channels, however, give negligible 
contributions to the fermion width in comparison to the three body WWt decay [37]. We 
thus expect that a detailed study of the charge 8/3 collider signatures (together with its 
charge 5 /3 partners) should be able to place stringent constraints on the model in the near 
future. 
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A 5*0(5) generators 



A basis for the generators in the fundamental representation of the SO (5) algebra is given 
by 



(as: 



i j 



( t l)u 



e abc (m - S b jSj) + (Sffi - S a j5f) 

,abc ( 5 b 5 c _ 6 b j5 c\ _ (gag* _ 6 a S 4j 



(-1)* 



U 



V2 



(A.l) 



where I, J = 1, . . . , 5, while a = 1, . . . , 4 and a = 1,2, 3. The generators {TJ^ L } and 
{if} represent the 50(4) ^ SU(2) L x 5^7(2)^ and the SO{h)/SO{A) subspaces of SO (5) 
respectively. 



B 5D implementation in AdSs space 

In this Appendix we describe the implementation of the MCHM14 in AdSs space and 
illustrate some details about the flat space construction which were not discussed in the 
text. We consider a 5D space-time with metric 

ds 2 = a (z) 2 [i] liv dx i "dx v - dz 2 ) , (B.l) 

where the coordinate z varies on the interval and the warp function a (z) is a 

regular and positive function satisfying a(zjjv) = 1- This parametrization includes flat and 
AdS5 spaces with 

flat : a(z) = 1, zjjv = 0, Zjr = L , 

1 1 (B.2) 

AdS 5 : a(z) = — , z uv = -, z IR > z uv . 

B.l Gauge degrees of freedom 

The Lagrangian for the gauge fields in terms of the general metric of Eq. (B.l) is given by 



S Id = j d A x I dzy/g 



zuv 



J^^Wmn] + , 2 r { F MN) 2 



(B.3) 



where Lq has the dimensions of length and is equal to L in flat space and to 1/k in AdSs • 
We also add a UV localized term exactly as in Eq. (3.8). To derive the effective Lagrangian 
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in AdSs, we can follow the same procedure as discussed in Section 3.1. The whole difference 
with respect to flat space is encoded in the two form factors Hy and tiy which read in 
AdS 5 

IL v (p) = p Jo (P Zuv "> Y °(P ZlR ) ~ Mp z ir) y o(p z uv) / b 4 x 

V J 1 (pz uv )Y (pz IR ) - Jo(pzi R )Yi(pzuvY 

IL v (p) = p Jl ( pZlR ") Yo ( pZuv } ~ Mp z uv) y i(p z ir) / b 5 n 

Ji(pzm)Yi(pzuv) ~ Ji{p z uv)Y\(p z ir) ' 

The Higgs decay constant in this case is given by 

f ~2~2 2 ~ ~2~2 ' (B-6) 

#5 Z IR ~ Z UV 95 Z IR 

where, in the last step, we assumed zm 3> zyy. In the same limit the SM gauge couplings 
can be written as 

1 1 . 1 Z IR 3 2 \ 11 z IR 

9 92 9t V Z UV 8 J 92 9t Z UV 

1 1/1 , lW, z IR 3 2 9x \ 1/1 , IV zm 
where we approximated log 3> 1 . In the same limit the boson mass is given by 



= Z 2 (Bi 



The KK mass scale (looking for instance at the W boson tower) is 




M KK ^— + 0\ - ). (B.9) 



and the S parameter is 

log 



Note that the inclusion of UV localized kinetic terms for the gauge fields is not strictly 
necessary to realize partial compositeness in AdSs space. The value of 52 and gi may be 
interpreted as the strength of the gauge coupling at the scale k [38]: when the localized 
kinetic terms vanish, the gauge fields are strongly coupled at that scale. 

B.2 Fermionic degrees of freedom 

Here we discuss various details about the fermionic sector of the model both in AdSs an d 
flat space. The expression of ^ q in terms of eigenstates of the SM quantum numbers is 

/I(C + iT-S) ±(< + T ) MZ + X) MB* + X*) !( 6 (1) + x U))\ 



* 9 = 



§« + T) -i(C + *T + X) ^(B-X) i(&W- x W) 
■^(B + X) ^(B-X) iT + T %T |(i«+^ 2 )) 

^(B* + X*) -^(B*-X*) iT W-T § (itW + 1< 2 >) 

\\{b {1) +x {1) ) |(& (1) -X (1) ) |(i (1) +^ (2) ) |(itW-*«) " J 

(B.ll) 
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where the fields £W, &W, x > £ and T have charges 2/3, —1/3, 5/3, —4/3, 8/3 respectively 
and 

B W = i +(-) ,6(3)) , 
#(*) 

r 

T 

T 



1 ( x (2) +(-) ix (3)) 

|(* (5) +* (6) ) , 

1 ( t (5) _ t (6)) ; 



f = t (4) _ _l_ t (3) , 

The total 5D action for the fermionic sector of the model is given by 



(B.12) 



(B.13) 



where 
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(mu^W + h.c.) + (ik\ tf tL e%j a d^ tL + ikf^e^d^ 



J d 4 x Jgxjy 1 - %%] , 



d x JqTr 



(B.15) 
(B.16) 

(B.17) 



Lq is a length we use to normalize the bulk action in order to have 5D fermions with the 
same mass dimension as 4D fermions. As in the case of the gauge action it is equal to 
L in flat space and to 1/k in AdSs. gjR and guv are the induced metrics on the IR and 
UV boundaries respectively, e^f is the funfbein and e% its projection on the 4D indices. It 
is given by 5^ /a(z) for flat and AdSs metric. Covariant derivatives in S§ D include both 
gauge and spin connections. The latter cancel out in the equations of motion. In flat space 
we also add localized kinetic terms on the UV boundary, as in Eq. (3.24), to properly 
implement partial compositeness. 

The bulk equations of motion corresponding to Eq. (B.13) are 



a{z) 



±0 



i 

R,L 



(B.18) 



These are supplemented by the following boundary conditions: 
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UV boundary conditions 



(zuv) = U^ qL U T 



(B.19) 



with vpgjr given by Eq. (B.ll) where all the fields but t 1 = ti and b 1 = b L are set to 
zero while ^ q R (zjjv) is free to vary and 



^tR {zuv) 



VI/ 

^tR 



$%R (ZUV) 



(B.20) 



with = tR and ^ t L (zuv) free to vary. 



IR boundary conditions 

®tR (zir) = L mu ipfy (zir) , 



%L (ZIR) 



(1) 



4r = k i 



Lo 



a(z IR ) 



<2 (*/*) = 4 



L ° u /( 9 ) 

—( \rrnL 



(zir) ■ 



(B.21) 
(B.22) 



where, without loss of generality, we have set k\ = k\ = 0. 



The U transformation in the ^f q u UV boundary condition has been introduced to take the 
50(5) transformation in Eq. (3.7) into account, needed to rotate the Higgs (^4 5 ) away from 
the bulk and the IR boundary. The SM quantum numbers and the boundary conditions 
for all fermionic fields of the 5D model are summarized in Table B.2. 

Solving the bulk equations of motion (B.18) with the boundary conditions above, 
integrating out the bulk fields and matching to the 4D effective action (2.16) gives the 
form factors as functions of the fermion bulk-to-boundary propagators G+ (z, m) and 



G- (z, m), which are functions of the metric g^. Defining co qt = p 



■m 



in flat space and 



ijj q = 2/(ttzuv) an d cjj = 2/(irzm) in AdSs the form factors can be written in the form 
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Table 2: Quantum numbers of the 5D fermion fields of the model. In the last row the boundary conditions 
on the UV and IR branes are shown. In red (blue) we indicate the states with the same SM quantum 
numbers of the qL and tn. The holographic fields are ti, 6t and ta. 



The bulk-to-boundary propagators G L (z, m) and G R (z, m) are given by the following 
expressions: 



Flat space (zm = L) 



G+ (z,m) 
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(B.24) 



AdS 5 
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As the propagators appear only as functions of z\jy in Eq. (B.23), for clarity we have 
absorbed a factor of z 5 / 2 , originating from the G, inside ujqj- 
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C The electroweak fit 



We use the following experimental determination of the S and T parameters 

S = (0.39 ±0.70) 10~ 3 
f = (0.60 ±0.56) 10~ 3 




16vrc^ V 



TOT 



(C.l) 



with the corresponding correlation matrix 



The resulting x 2 function is given by 

X 2 (S,f) = V l (a% 1 V 1 , 

V = (S - So, T - T ), afj = OiPijOj. (C.3) 
The contributions to S and T in our model are estimated by 

S = S uv+ a ^^^o g (^) , (C.4) 

T = £ lQ g |Z2 ' ( C - 5 ) 



where A is the scale at which the logs are cut off. We fix A to be the mass of the first vector 
KK resonance. S and T are defined to vanish for a SM Higgs boson with = 125 GeV. 
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